During studies on the purification and properties of bacteriophage T2r+-induced deoxycytidylate (dCMP) deaminase (EC 3.5.4.12), an inverse relationship was observed between the specific activity of the deaminase and the cell titer at which infection occurred. The net effect was a two-to threefold increase in dCMP deaminase specific activity when phage infection took place at 1.7 x 108 as compared with 5 x 108 cells per ml (15). In contrast, the specific activities of other phage-induced enzymes, such as thymidylate (dTMP) synthetase (EC 2.1.1.b) and dCMP hydroxymethylase (EC 2.1.2.b), were unaffected by the cell titer.
During studies on the purification and properties of bacteriophage T2r+-induced deoxycytidylate (dCMP) deaminase (EC 3.5.4.12), an inverse relationship was observed between the specific activity of the deaminase and the cell titer at which infection occurred. The net effect was a two-to threefold increase in dCMP deaminase specific activity when phage infection took place at 1.7 x 108 as compared with 5 x 108 cells per ml (15) . In contrast, the specific activities of other phage-induced enzymes, such as thymidylate (dTMP) synthetase (EC 2.1.1.b) and dCMP hydroxymethylase (EC 2.1.2.b), were unaffected by the cell titer.
Initial attempts to explain the relationship between enzyme activity and cell titer revealed that the level of deaminase activity induced by bacteriophage T2r+ in Escherichia coli B grown to high cell densities was partially dependent on the oxygen tension of the medium. Under conditions of optimal aeration, the specific activity of phageinduced deaminase was independent of the host cell titer through the exponential phase of growth to about 5 X 108 organisms per ml. However, as the culture passed into the phase of negative acceleration, the dCMP deaminase induced in infection declined until, at 8 x 101 cells per ml, only one-third of the level induced at lower cell densities was found. The enhanced aeration did not influence the specific activities of the phageinduced dTMP synthetase and dCMP hydroxymethylase, both of which remained independent of the titer.
The selective modulation of phage-induced deaminase activity by factors associated with host cell density suggested that the regulatory effect was imposed at the level of transcription or translation. In this paper, evidence is presented to suggest that the restriction of dCMP deaminase synthesis occurs at the translational level of protein synthesis.
MATERIALS AND METHODS
Organisms, media, and culture conditions. E. coli B, maintained on nutrient agar slants (Difco), and bacteriophage T2r+ were used in this study. A hightiter phage stock, stored in 0.9% sodium chloride, was prepared from E. coli B grown in Davis medium and purified by three cycles of differential centrifugation.
The phage concentration was determined essentially as described by Adams (1) .
To study the relationship between the host growth level and the activities of several early enzymes in-
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T2r+ PHAGE-INDUCED EARLY ENZYMES duced on infection with phage T2r+, 1-liter volumes of M9 minimal medium (1) containing 0.47c glucose were inoculated with 20 ml of an overnight culture of E. coli B grown in the same medium containing 0.2% glucose. The inoculated flasks were aerated vigorously at 37 C on a New Brunswick rotary platform shaker (model VS) at 180 to 200 rev/min. Growth was followed by measuring the increase in absorbance at 650 nm with a Coleman Jr. II spectrophotometer.
Optical density readings were converted to cell titers with a standard curve prepared against a direct count (Petroff-Hausser counting chamber) of the organism, under identical growth conditions. After the desired level of growth was reached, cultures were infected with T2r+ at a multiplicity of 5 per bacterium, and the aeration was continued. At specified time intervals, samples of 4 X 101°cells were poured over an equal volume of chipped ice containing sufficient chloramphenicol to yield a final concentration of 50,ug per ml. The chilled cells were harvested by centrifugation at 18,000 X g for 10 min, suspended in 2.0 ml of a solution containing 5 mM potassium phosphate (pH 7.1), 0.04 mM deoxycytidine triphosphate (dCTP), and 2 mm magnesium chloride, and disrupted by 1 min of sonic treatment with the microprobe of a Biosonik II sonifier at 90% intensity. The sonic extracts were centrifuged at 30,000 X g for 30 min, and the supernatant fractions were assayed for the enzyme activities described below.
In experiments where either infected or uninfected Enzyme assays. Deoxycyctidylate deaminase was assayed in a reaction mixture which contained the following components (in,moles): dCMP, 0.5; dCTP, 0.06; Tris-hydrochloride (pH 8.0), 5; MgC12, 0.5; dithiothreitol, 5; sodium fluoride, 15; and enzyme and water to a final volume of 1.0 ml. Enzyme activity was followed at 30 C by the decrease in absorbance at 290 nm with a Gilford multiple absorbance recording spectrophotometer as described previously (14) . Since earlier measurements of dCMP deaminase were made at 37 C, the activity obtained at 30 C was doubled to make them directly comparable. The validity of this correction was determined experimentally.
Thymidylate synthetase activity was assayed spectrophotometrically at 30 C by the method of Wahba and Friedkin (21) , as modified by Lorenson et al. (12) .
Deoxycytidylate hydroxymethylase activity was assayed at 37 C by the method of Pizer and Cohen (18) .
Deoxynucleotide kinase (EC 2.7.4.4), an enzyme that phosphorylates dCMP, 5-hydroxymethyl-dCMP, and dTMP to the corresponding diphosphates (2, 5) , was assayed by the method of Lembach and Buchanan (11) , with the following modification. From reaction mixtures incubated for 10 min at 30 C, 10-,uliter samples were removed and pipetted onto Whatman DE-81 anion exchange paper. The chromatograms were developed, descendingly, with 4 N formic acid, a procedure that separates dTMP from thymidine-5'-diphosphate (dTDP) and thymidine-5'-triphosphate (dTTP), as the latter two remain essentially at the origin (6). The regions containing dTDP and dITP were cut from the dried chromatograms, immersed in 10 ml of Liquifluor, and counted at 60% efficiency in a NuclearChicago scintillation spectrometer.
Dihydrofolate reductase (EC 1.5.1.3) was measured at 30 C in the presence of Tris-hydrochloride, pH 7.5, with the spectrophotometric assay of Bertino et al. (3) .
Deoxycytidine pyrophosphatase (dCTPase, EC 3.6.1.12) was measured by a modification of the radioactive assay described by Warner and Barnes (22 (19) . After the chromatograms were dried, the ultraviolet-absorbing areas were cut out, placed in scintillation vials with 10 Radioactive labeling procedures. For pulse-labeling of protein, ribonucleic acid (RNA), or deoxyribonucleic acid (DNA), a sample containing 4 X 108 infected or uninfected cells was pipetted into a prewarmed conical tube containing one-tenth the final reaction volume of either L-14C-leucine (0.2 mM; 20 ,uCi/ ,umole), uracil-2-'4C (0.1 mM; 20 ACi/Amole), orthymidine-2-'4C (0.1 mM; 20 ,uCi/,umole), respectively. After 30 sec, the incorporation of radioactivity was terminated by the addition of an equal volume of icecold 10% trichloroacetic acid containing 2 mm unlabeled precursor. The cells labeled with leucine were heated for 20 min at 90 C, while those labeled with uracil or thymidine were placed on ice for at least 1 hr.
Samples were transferred quantitatively to 0.45-,.rm Nlillipore filters with two 5-ml portions of 5%1o trichloroacetic acid and were washed with an additional 10 ml of 5% trichloroacetic acid followed by four 5-mi portions of distilled water. The filters were dried, placed in scintillation vials with 10 ml of Liquifluor, and counted. The counting efficiency for 14C in this system was 82%/o. The dCMP deaminase was partially purified from the crude extracts by a small-scale version of the first step in the procedure for the preparation of homogeneous enzyme (G. F. Maley, D. U. Guarino, and F. Maley, J. Biol. Chem., in press). A 5%c, streptomycin sulfate solution (1.8 ml) was added dropwise, with stirring, to 9.0 ml of the crude extract at 0 to 4 C. After 10 min of additional stirring, the precipitate containing the deaminase activity was centrifuged at 17,000 X g for 15 min and suspended in 5.0 ml of a solution containing 0.1 M potassium phosphate (pH 7.5), 3 mm magnesium chloride, 0.04 mm dCTP, 20 mM 2-mercaptoethanol, and 0.1I % (v/v) chloroform. The suspension was tightly capped and incubated at 37 C for 3 hr and then at room temperature overnight. *The autolysate was chilled in ice for 2 hr, centrifuged at 30,000 X g for 30 min, and the enzyme-containing supernatant fraction was assayed. This procedure provided a 55 to 85%70 recovery of the dCMP deaminase with a three-to fourfold purification. The variability in total recovery resulted from differences in the amount of the enzyme precipitated initially by the streptomycin sulfate.
Antibody (300,ug of protein per unit of deaminase) and 0.9% saline were added to 2.0-ml portions of each autolysate to a final volume of 2.6 ml. A parallel autolysate without antibody was treated similarly.
To circumvent the problem of nonspecific precipitates, which could amount to 50%;`o of the protein and radioactivity from samples incubated with antibody for 65 hr, the time required for the immune precipitation of the deaminase was decreased by adding five to seven units of pure carrier T2r+ dCMP deaminase to each 2-ml portion of autolysate. The immune reactions were incubated at 37 C for 1 hr and then at 0 C overnight. The precipitates were collected by centrifuging for 20 min at 30,000 X g, washed twice with 0.5 ml of cold 0.9%, NaCl, and dissolved in 0. into the medium, the following experiment was performed. A culture of E. coli B grown to 4 X 108 cells per ml was harvested by centrifugation, washed with 0.12 M Tris-hydrochloride (pH 8.0), and resuspended in one-tenth volume of the same buffer at 37 C. The cells were sensitized for 2 min with 0.2 mm ethylenediaminetetraacetic acid (EDTA) (10) . The treatment was terminated by diluting portions of the cells 10-fold into either fresh or spent medium. Thirty seconds later, each portion was infected for 10 min with T2r+, and extracts were prepared as usual. The dCMP deaminase activity in each extract was about 145 milliunits per mg of protein. In both experiments the dTMP synthetase activities, regardless of the cell titer or diluent, were between 4.2 and 4.6 milliunits per mg of protein.
To insure that the EDTA treatment had made the E. coli B permeable, 10 Enzyme activity produced following dilution at various times after infection. The results of several experiments showed that the dCMP deaminase and dTMP synthetase activities in extracts of high-titer E. coli B diluted fourfold 20 min before to 5 min after infection were routinely between 130 to 170 and 5.4 to 7.0 milliunits per mg of protein, respectively, providing the assays were conducted with extracts from cells that had been infected for a total of 10 min. As the time interval between infection and dilution was extended beyond 5 min, however, the dCMP deaminase specific activity declined. Thus, a fourfold dilution of infected high-titer cells 15 to 30 sec prior to the termination of protein synthesis at 10 min postinfection yielded phage-induced deaminase activity at a level only slightly elevated over that found in an undiluted control.
To define more clearly the relationship between dilution and the increase in phage-induced deaminase activity, the experiment reported in Table 2 was performed. The change in dCMP deaminase and dTMP synthetase specific activities was measured over several 3-min intervals during the infection cycle, with each interval initiated by the fourfold dilution of a portion of the T2r+-infected high-titer cells into fresh medium. As indicated, the dilution of cells at any time after a At the beginning of each time interval, 50 ml of a T2r+phage-infected culture of E. coli B at 8 X 108 cells per ml was poured over ice while an identical portion was diluted fourfold into fresh medium. Three minutes later, the diluted culture and an additional 50 ml of the infected high-titer culture were poured over ice. Extracts were prepared and enzymes assayed as described in the text. Each value in milliunits per mg of protein represents the difference between the basal enzyme level at the beginning of each interval and that in diluted and undiluted cultures 3 min later.
infection resulted in a marked increase in deaminase activity when compared with that formed in a parallel sample of undiluted cells. The greatest increase in deaminase activity occurred during the 5.5-to 8.5-min interval following dilution, although the cells still retained the capacity to synthesize considerable quantities of enzyme on dilution (64c% maximal) even at 10.5 min after infection. In contrast, the synthetic capability of the undiluted high-titer cells diminished rapidly after the 3-to 6-min interval, where it was about one-fourth to one-fifth that of the diluted cells, to about one-twentieth that formed in the 10.5-to 13.5-min interval following dilution. The change in dTMP synthetase activity, however, was essentially unaffected by dilution at each of the time intervals measured.
Effect of inhibitors on the dilution-dependent increase in dCMP deaminase activity. Figure I reveals the pattern of pulse-label incorporation of precursors into protein, RNA, and DNA on dilution of E. coli B from 8 x 108 to 2 x 108 cells per ml, either before or after infection. After a fourfold dilution of infected or uninfected cells into fresh medium (Fig. 1A) , an increase in leucine uptake of 45 of the E. coli but only a twofold increase after infection (Fig. 1B) . Thymidine incorporation increased by 50%Y, on dilution of the uninfected cells and by 5-to 10-fold in infected cells (Fig. IC) . Since there appeared to be no obvious relationship between the incorporation of any single precursor tested and the threefold increase in dCMP deaminase activity on dilution of the culture, specific inhibitors were used to determine whether a requirement for either protein, RNA, or DNA synthesis could be established.
(i) Protein synthesis. Figure 2 shows the time course of appearance of T2r+-induced dCMP deaminase and dTMP synthetase in E. coli B infected at 8 X 108 cells per ml. The increase in deaminase after dilution of a portion of the hightiter culture at 5 min postinfection is rather evident, and, as anticipated, the dTMP synthetase remained unchanged by the dilution. Hydroxylamine was employed also as an inhibitor of protein synthesis since it blocks in a manner different from chloramphenicol. As illustrated in Fig. 3 , the increase in dCMP deaminase activity after dilution of phage T2r+-infected E. coli was almost completely prevented. In separate experiments, addition of either hydroxylamine or chloramphenicol up to 2 min after infection prevented the appearance of dCMP deaminase and any increase in the level of dTMP synthetase over that already present in the uninfected cells.
(ii) RNA synthesis. To determine whether the increase in dCMP deaminase was associated with an elevated synthesis of messenger RNA (m-RNA), rifampin, an inhibitor of transcriptional initiation, was employed. Figure 4 reveals that the addition of rifampin to a level of 50 ,ug per ml 1.5 min after infection of cells grown to 8 X 108 per ml is ineffective in preventing the dilution increase in deaminase activity. That mRNA synthesis was impaired by rifampin is shown (Fig. 4) pulse-label incorporation of uracil-2-14C into RNA, which was found in several experiments to decrease rapidly until at 7 min after infection the label in the mRNA was less than 1 % of that found in untreated controls. Despite the failure of uracil incorporation to increase after dilution of the culture into fresh medium containing rifampin at 7 min (Fig. 4) , dCMP deaminase activity increased as usual, suggesting that new transcriptional initiations are not necessarily involved in promoting the enhancement of enzyme activity. In separate experiments, chloramphenicol was found to inhibit the increase in dCMP deaminase activity observed after dilution of rifampintreated cells with essentially the same kinetics reported for the rifampin-free cells in Fig. 2 . That this level of rifampin was effective in blocking the initiation of transcription was revealed by the finding that the inhibitor completely prevented the appearance of the phage-induced enzymes when added 30 sec after infection.
(iii) DNA synthesis. When hydroxyurea, an inhibitor of DNA synthesis, was added to a hightiter culture of E. coli B to a final concentration of 50 mi 5 min prior to infection, the subsequent T2r+-induced dCMP deaminase and dTMP synthetase activities in extracts from undiluted or fourfold diluted portions of culture were not greatly different from those found in identically treated hydroxyurea-free controls (Table 3) . Although the drug had only a marginal effect on enzyme induction, pulse-label thymidine-2-'4C incorporation into DNA was reduced to 30% of the control. As indicated in Table 3 , hydroxyurea had no effect on RNA synthesis. synthetase following the dilution of T2-infected E. coli. One liter of E. coli B at 8 X 108 per ml was infected, and 100 ml was removed to serve as a drug-free control for uracil-2-'4C incorporation. At 1.5 min postinfection (4 ), rifampin was added to the remaining 900 ml to
give a final concentration of 50 pg/ml, and at 7 min postinfection ( t ), 200 ml of this culture was diluted with 600 ml of fresh medium containing 50 ,ug/ml of rifampin. Samples were withdrawn for pulse-labeling with uracil-2-'4C (---) and for enzyme assays (-) as described in the text. Symbols: 0, cells at 8 X J08 per ml plus rifampin; 0, cells at 2 X 108 per ml plus rifampin; A, cells at 8 X 108 per ml without rifampin.
Evidence that elevated dCMP deaminase activity is due to de novo synthesis. Although the inhibitor studies strongly suggested that the threefold increase in dCMP deaminase activity after the dilution of high-titer infected cells was due to newly synthesized protein, more direct proof would, of course, be preferred. The availability of antibodies to highly purified T2r+-induced deaminase (G. F. Maley, D. U. Guarino, and F. Maley, J. Biol. Chem., in press) provided the means for obtaining this proof.
Deoxycytidylate deaminase was induced in undiluted and diluted portions of an E. coli B culture containing 3H-leucine. If the threefold increase in deaminase activity after dilution was due to de novo enzyme synthesis, the specific radioactivity of the protein precipitated from both high-and low-titer cells with the antibody should be exactly the same. However, if the increased activity on dilution is due not to an increase in enzyme protein but to a threefold increase in activity only, then the specific radioactivity of the protein precipitated from the diluted cultures should be one-third of that precipitated from the high-titer cells.
Preliminary experiments with the antibody method indicated that a one-step, three-to fourfold purification of the enzyme, which is described above, was necessary to enhance both rate and extent of the precipitin reaction. The titration of Fig. 5 . Complete precipitation of the deaminase activity was obtained when antibody was added at a concentration equal to or greater than 250 ,ug of protein per unit of deaminase activity. No additional protein was precipitated on the addition of greater amounts of antibody. By adding homogeneous unlabeled dCMP deaminase to the autolysates as carrier, the incubation period for precipitation could be shortened and the formation of a nonspecific precipitate avoided (see above).
The results of an experiment in which pure dCMP deaminase was added as carrier to two autolysates, one prepared from an infected hightiter culture of E. coli B and the other from the same culture diluted fourfold 5 min after infection, are presented in Table 4 . During infection and dilution, the cells were continuously labeled with 3H-leucine as described above. As shown in Table 4 , the value obtained by dividing the total micrograms of protein recovered in an immune precipitate by the total deaminase units present initially in the corresponding autolysate was exactly the same for both the undiluted and diluted cultures. This value was within a few per cent of that obtained from a saline control in which only homogeneous dCMP deaminase and antibody were present, indicating that the principal material precipitated from the autolysate was deaminase. It is also shown that the specific radioactivity of the dCMP deaminase precipitated, expressed as counts per minute per unit of deaminase, was exactly the same for undiluted and diluted portions of the culture. The increased deaminase activity after dilution must be due, therefore, to de novo synthesis. grown to 2 x 109 cells per ml (9), this was not the case for the phage-induced dCMP deaminase reported here. As indicated, the specific activity of the deaminase (in contrast to the other enzymes in Table 1 ) was inversely related to the concentration of E. coli at which infection was initiated. Although no evidence was obtained for the presence of an activator, inhibitor, or repressor of dCMP deaminase, the reduced levels of enzyme activity in the high-titer cultures appeared to be associated with a host-mediated constraint imposed only after extended metabolism of the culture and not one involved immediately with (Table 1) .
The increase in pulse-label incorporation of precursors into protein, RNA, and DNA which followed the fourfold dilution of uninfected E. coli B from 8 X 108 to 2 x 108 cells per ml (Fig. 1) was expected, since the cells were shifted from the phase of negative acceleration back to the logarithmic growth phase. Because the uptake of these precursors also increased following dilution of high-titer infected cells, no quantitative conclusions relating phage macromolecule synthesis to changes in dCMP deaminase activity could be made. Specific inhibitors were used, therefore, in an attempt to delineate the macromolecular events associated with the increase in deaminase activity following dilution.
The immediate block of the increase in dCMP deaminase by chloramphenicol following dilution of high-titer infected cells (Fig. 2) established that protein synthesis was involved. This finding ruled out the possibility that the change in deaminase activity resulted from a rearrangement or a simple activation of existing dormant molecules or their subunits. To verify the requirement for protein synthesis, hydroxylamine, recently shown to be a specific inhibitor of peptide chain initiation (7, 8, 17) , was used. As the results in Fig. 3 reveal, initiation of new peptide chains was essential for the increase in T2r+-induced dCMP deaminase activity. Since hydroxylamine does not inhibit peptide chain elongation (8) , some increase in deaminase activity representing the completion of chains already initiated was expected. Consistent with this proposal was the finding that deaminase activity increased for about 1 to 1.5 min following dilution into medium containing hydroxylamine (Fig. 3) .
While protein synthesis was necessary for the increase in deaminase activity (Fig. 2, 3) , this appeared not to be the case for RNA synthesis (Fig. 4) . At a time when labeled uracil incorporation in the presence of rifampin was less than 1 % of the control, the inhibited cells still contained sufficient information to elicit a 2.5-fold increase in deaminase activity on cell dilution. Chloramphenicol prevented the rise in deaminase activity, which indicated that protein synthesis is required for the observed increase in the rifampin-treated cells.
Hydroxyurea reduced the thymidine-2-14C incorporated on phage infection by 70% but had no effect on the levels of T2r+-induced dCMP deaminase ( Table 3 ), suggesting that a relationship between phage-induced DNA synthesis and the increase in deaminase activity probably does not exist. Although hydroxyurea at the concentration employed was shown to inhibit completely a net increase in the DNA content of infected cells, competent phage could still be made as a result of T2rt PHAGE-INDUCED EARLY ENZYMES the degradation and reutilization of the host cell DNA (23) . Thus, even at hydroxyurea concentrations that almost completely impair the conversion of ribonucleotides to deoxyribonucleotides, as much as 20 to 30%C of the normal phage yield may be synthesized from host DNA (23) . The 30%7O incorporation of thymidine-2-54C in the presence of hydroxyurea (Table 3) was therefore not unexpected.
The most convincing evidence for the association of de novo enzyme synthesis with the increase in deaminase activity following dilution was provided by the antibody precipitation experiments (Table 4) . It is reasonable to assume from the data in the last column in Table 4 that, since the specific radioactivity of the enzyme precipitated from high-and low-density cultures is the same, despite the presence of three times more deaminase activity in the latter culture, three times more enzyme protein must have been synthesized in the low-density cultures. As indicated, the T2r+-induced dCMP deaminase molecules synthesized in control and diluted portions of a culture of E. coli B have a specific radioactivity of 6,200 to 6,500 counts per min per unit, which is 83 to 87%, of theory (7, 450 
